nature neurOSCIenCe a r t I C l e S Drugs of abuse induce widespread alterations to the neural circuits that mediate reward learning in the brain. Cocaine exposure drives the strengthening of excitatory inputs onto dopaminergic neurons of the ventral tegmental area (VTA) [1] [2] [3] [4] and causes increased release of dopamine from the VTA onto corticolimbic structures, including the nucleus accumbens, the prefrontal cortex and the dorsal striatum 5, 6 . Drug-evoked synaptic plasticity in the VTA is believed to underlie behavioral changes that lead to addiction. The potentiation of excitatory inputs to dopaminergic neurons is increased following associative learning of reward-predicting cues 7 , and intact glutamatergic synapse function in the VTA is required for the formation of cocaine-induced conditioned place preference (CPP) 8 , indicating that plasticity at these synapses may contribute to the learned association between environmental cues and the rewarding effects of cocaine. Electrophysiological studies have shown that cocaineinduced potentiation of VTA synapses is mediated by the insertion of Ca 2+ -permeable AMPA receptors (AMPARs) lacking the GluA2 subunit to the synaptic membrane 9,10 . To determine how drugs of abuse alter synapses in the reward circuitry and cause behavioral changes underlying addiction, it is important to further understand the molecular mechanisms that mediate drug-induced plasticity at synapses in the VTA.
a r t I C l e S Drugs of abuse induce widespread alterations to the neural circuits that mediate reward learning in the brain. Cocaine exposure drives the strengthening of excitatory inputs onto dopaminergic neurons of the ventral tegmental area (VTA) [1] [2] [3] [4] and causes increased release of dopamine from the VTA onto corticolimbic structures, including the nucleus accumbens, the prefrontal cortex and the dorsal striatum 5, 6 . Drug-evoked synaptic plasticity in the VTA is believed to underlie behavioral changes that lead to addiction. The potentiation of excitatory inputs to dopaminergic neurons is increased following associative learning of reward-predicting cues 7 , and intact glutamatergic synapse function in the VTA is required for the formation of cocaine-induced conditioned place preference (CPP) 8 , indicating that plasticity at these synapses may contribute to the learned association between environmental cues and the rewarding effects of cocaine. Electrophysiological studies have shown that cocaineinduced potentiation of VTA synapses is mediated by the insertion of Ca 2+ -permeable AMPA receptors (AMPARs) lacking the GluA2 subunit to the synaptic membrane 9, 10 . To determine how drugs of abuse alter synapses in the reward circuitry and cause behavioral changes underlying addiction, it is important to further understand the molecular mechanisms that mediate drug-induced plasticity at synapses in the VTA.
Cadherin adhesion molecules have been shown to play a critical role in synaptic plasticity underlying different forms of learning and memory. Cadherins mediate adhesion at synapses through homophilic trans interactions across the synaptic membrane and associate with AMPARs through direct and indirect interactions with both GluA1 and GluA2 AMPAR subunits [11] [12] [13] . In the hippocampus, cadherins are essential for long-term potentiation (LTP) and long-term depression (LTD). Following enhanced activity, cadherins are increasingly localized to the synaptic membrane 14 , leading to increased synapse stability 15, 16 and the stabilization of AMPAR at the synaptic membrane 17 . During LTD, in contrast, the internalization of cadherin from the synaptic membrane is required for the removal of AMPARs from the postsynaptic membrane 18 . Disruption of trans-synaptic cadherin interaction in the hippocampus has been shown to abolish the acquisition of context-dependent memory formation 19 while aberrant increases in cadherin stability at the membrane lead to impaired behavioral flexibility on hippocampusdependent tasks 20 .
Because they regulate AMPAR trafficking and stability at synapses, cadherins are strong candidate molecules for mediating plasticity in the VTA underlying behavioral changes driven by drugs of abuse. In the context of addiction, genome-wide association studies have identified mutations in cadherin adhesion-complex proteins as risk factors for substance abuse 21 . However, very little is known about the expression of cadherins in the VTA, and their potential function in synaptic plasticity in this region has not been examined.
Here we show that cadherin plays a key role in synaptic plasticity in the VTA and behavioral changes driven by cocaine. We demonstrate that cadherins are widely expressed in dopaminergic neurons and are essential for LTP of synapses in the VTA. We further demonstrate that recruitment of cadherin to excitatory inputs onto dopaminergic neurons is correlated with cocaine-mediated CPP. Finally, we demonstrate that stabilization of cadherin at the synaptic membrane of synapses onto dopaminergic neurons can completely block cocaineinduced changes in AMPAR localization and LTP, and greatly reduce behavioral conditioning driven by cocaine. a r t I C l e S RESULTS Cadherins are expressed in dopaminergic neurons and required for LTP We first examined the expression of several classical cadherins and found that cadherins are widely expressed in both dopaminergic and nondopaminergic neurons in the VTA (Fig. 1a and Supplementary  Fig. 1 ). Nearly all dopaminergic cells were immunopositive for N-cadherin, R-cadherin, cadherin-7, cadherin-8 and cadherin-11, isoforms whose mRNA had previously been detected in this region 22, 23 .
We next investigated the function of cadherins in activity-induced potentiation of excitatory synapses onto dopaminergic neurons in the VTA. We used an antagonistic peptide containing an HAV (HisAla-Val) motif that blocks cadherin interactions in trans to reduce cadherin stability at the synaptic membrane. It has previously been shown that disrupting cadherin trans interactions significantly attenuates cadherin membrane stability 24 . Treatment of VTA slices with the HAV peptide abolished spike-timing-dependent (STD) LTP at excitatory synapses onto dopaminergic neurons (Fig. 1b) . Like potentiation of VTA synapses induced by cocaine, STD LTP is mediated by the insertion of Ca 2+ -permeable GluA1 homomers 9, 25 . As cadherin can stabilize AMPARs through its association with GluA1 (ref. 11) and/or GluA2 (refs. 12,13) subunits, this suggested that peptide treatment disrupted STD LTP by decreasing cadherin membrane stability, thus preventing the stabilization of newly inserted GluA1 homomers at the synaptic membrane. We therefore next sought to investigate the relationship between cadherin localization and AMPAR trafficking in synaptic plasticity and behavioral conditioning driven by cocaine.
Cadherins are recruited to VTA synapses during cocaine CPP Drugs of abuse such as cocaine potentiate excitatory synapses onto dopaminergic neurons by enhancing the localization of GluA1 homomers to synaptic membranes, which contributes to the formation and expression of drug-induced behaviors 3, 24, 25 . After demonstrating that cadherin is required for LTP at synapses in the VTA (Fig. 1b) , we examined the role of cadherins in CPP, a behavioral assay that models the learned preference for previously neutral contextual cues driven by drugs of abuse 26 . In other brain regions, enhanced synaptic activity is associated with increased recruitment of cadherins to the synapse 15, 16 , as well as increased stability of cadherin at the synaptic membrane 18 . Intact cadherin adhesion at synapses is also required for the acquisition of new memories 20 . We therefore hypothesized that the acquisition of cocaine-induced CPP is associated with increased insertion of cadherin to the synaptic membrane of VTA synapses. We used immunogold electron microscopy (EM) (validated in Supplementary Fig. 2 ) to examine nanometer-scale changes in the localization of cadherins and AMPAR subunits at synapses of the VTA following cocaine-induced CPP.
CPP was induced in a three-chamber apparatus (Fig. 2a) , producing a robust increase in preference for the cocaine-paired, conditioned chamber (Fig. 2b) . Mice were then sacrificed and the VTA isolated by microdissection for immunogold EM (Fig. 2c) . We found that cocaineinduced CPP resulted in a striking redistribution of cadherin at excitatory synapses onto dopaminergic neurons in the VTA (Fig. 2d) . Indeed, the proportion of cadherin localized to the synaptic membrane increased by 86% after CPP (number of immunolabeled beads within 40 nm of the synaptic membrane divided by total beads in the pre-and postsynaptic compartments; Fig. 2e ), although no changes in total levels of cadherin at synaptic compartments were detected (Supplementary Fig. 3 ). Moreover, analysis of individual mice demonstrated a strong positive correlation between the amount of cadherin at the synaptic membrane and time spent in the cocaine-paired conditioned chamber (r = 0.66; Fig. 2f ). The increased localization of cadherin to the synaptic membrane was observed at both pre-and postsynaptic compartments following cocaine CPP ( Supplementary  Fig. 4) , which is consistent with increased trans-synaptic adhesion between cadherins.
Notably, we saw no significant change in cadherin localization in control mice which received the same schedule of cocaine and saline administration in their home cages rather than in a novel environment ( Fig. 2e and Supplementary Fig. 5 ) or in mice where CPP was induced using palatable food rewards instead of cocaine ( Fig. 2e and Supplementary Fig. 6 ). This suggested that the effects observed after cocaine CPP were not due to general effects of cocaine or nonspecific learning-induced plasticity, but were specifically attributable to the a r t I C l e S formation of drug-associated memories. Together, these findings indicate that insertion of cadherin into the synaptic membrane specifically occurs following the learned association between contextual cues and the effects of cocaine during behavioral conditioning. These changes in cadherin localization were also transient, returning to baseline following active extinction of CPP or return of mice to home cages for an equivalent period of time without re-exposure to the CPP apparatus ( Fig. 2e) . At inhibitory synapses, we observed no changes in cadherin distribution following cocaine CPP, extinction of cocaine CPP or food CPP, or in home cage controls ( Fig. 2g-i and Supplementary Figs. 5 and 6). We also observed no changes in cadherin localization at excitatory or inhibitory synapses onto glutamatergic or GABAergic neurons in the VTA following CPP (Supplementary Fig. 7) , indicating that the increase in cadherin localization to the synaptic membrane was specific to excitatory synapses onto dopaminergic neurons in the VTA.
GluA1 is recruited to VTA synapses during cocaine CPP We then used immunogold labeling to identify GluA1-containing AMPARs. We found that they exhibited the same pattern of insertion and removal from the synaptic membrane as cadherin in each of the behavioral conditions (Fig. 2j) . The proportion of GluA1-containing AMPARs localized to the postsynaptic density (PSD) membrane was significantly increased following CPP (121% increase, Fig. 2k ), though total levels of GluA1 were unchanged at synaptic compartments ( Supplementary Fig. 3 ). As with cadherin, there was a strong positive correlation between the amount of GluA1 at the synaptic membrane and time spent in the cocaine-paired chamber for individual mice (r = 0.66, Fig. 2l) , and GluA1-containing AMPAR localization was also unchanged compared to saline controls following extinction of CPP, in home cage controls, or following CPP using palatable food ( Fig. 2k and Supplementary Figs. 5 and 6 ). These data directly demonstrate that cocaine CPP drives the insertion of GluA1-containing AMPARs to the PSD membrane, which is thought to contribute to the cocaine-mediated increase in AMPA:NMDA receptor (AMPAR: NMDAR) ratio at VTA synapses previously observed using electrophysiological techniques 1, 9, 27 . We also examined coimmunolabeling of GluA1 and cadherin together at individual VTA synapses following cocaine CPP and found that individual synapses with a greater a r t I C l e S proportion of cadherin localized to the synaptic membrane also had more GluA1 localized to the membrane (Supplementary Fig. 8 ). This correlation between cadherin and GluA1 levels at individual synapses provided further support that cadherin acts to stabilize GluA1 homomers at potentiated synapses, consistent with our electrophysiological data demonstrating that cadherin stability was essential for STD LTP at VTA synapses (Fig. 1b) .
Cadherin stabilization at VTA synapses reduces cocaine CPP Given the strong correlation between CPP acquisition and cadherin localization at excitatory synaptic membranes in the VTA, we hypothesized that subcellular changes in cadherin localization may regulate cocaine-induced synaptic plasticity and behavioral conditioning. To test this, we increased cadherin at the synaptic membrane using a transgenic mouse line in which β-catenin levels are increased in dopaminergic neurons (Slc6a3:Cre/+; Ctnnb1 lox(ex3)/lox(ex3) mice, termed hereafter DAT-Cre;β-cat∆ex3 mice) (Fig. 3a) 28, 29 . β-catenin is the major intracellular binding partner of all classical cadherins, and we have previously shown that elevating β-catenin levels using this approach significantly increases the stabilization of cadherin and AMPARs at the synaptic membrane in hippocampal neurons in vivo 20 .
DAT-Cre;β-cat∆ex3 mice exhibited a 48% reduction in cocaineinduced CPP compared to control mice at day 8 (Fig. 3b) . There was no significant difference between groups in the rate of extinction from day 8 to 9 (P = 0.5527, unpaired t-test, t(44) = 0.5983, n = 23 mice per condition). However, due to the decreased magnitude of CPP, DATCre;β-cat∆ex3 mice returned to baseline levels of preference for the conditioned chamber after 1 d of extinction (day 9), compared to 3 d in controls (day 11). Behavioral changes in these mice were specific to cocaine-mediated CPP; DAT-Cre;β-cat∆ex3 mice appeared phenotypically normal, exhibited no changes in exploratory behavior or basal locomotion (Fig. 3c) , and showed intact locomotor sensitization to repeated cocaine administration (Fig. 3d) . DAT-Cre;β-cat∆ex3 mice also showed no change in motor learning (Fig. 3e) , contextual fear conditioning (Fig. 3f), food consumption (Supplementary Fig. 9 ), or CPP driven by food rewards (Fig. 3g) . The lack of change in tasks which require intact recognition of a novel context (contextual fear learning and food CPP) also indicated that impairments in spatial memory were not responsible for the reduction in cocaine CPP Figure 4 Stabilization of cadherin at synapses in the VTA prevents the removal of GluA2-containing AMPARs and blocks the insertion of GluA1-containing AMPARs. Immunogold EM was used to identify differences in cadherin, GluA2, and GluA1 localization after cocaine CPP in DAT-Cre;β-cat∆ex3 and littermate controls. Coc., cocaine; Sal., saline. (a,b) Cadherin localization to the synaptic membrane was increased under basal conditions in DAT-Cre; β-cat∆ex3 mice, and recruitment of additional cadherin to the synaptic membrane during CPP was blocked (P = 0.0453, significant interaction between treatment and genotype, two-way ANOVA, F(1,8) = 5.613; *P = 0.0191; n.s., P > 0.9999; Bonferroni's test post hoc, n = 3 mice per condition; >100 synapses were analyzed per group). (c,d) The removal of GluA2 from the PSD membrane at excitatory synapses following CPP was blocked in DAT-Cre; β-cat∆ex3 mice (P = 0.0015, significant interaction between treatment and genotype, two-way ANOVA, F(1,8) = 22.07; **P < 0.01; n.s., P > 0.9999; Bonferroni's test post hoc, n = 3 mice per condition). (e,f) The insertion of GluA1 in the PSD membrane at excitatory synapses onto dopaminergic neurons following CPP was blocked in DAT-Cre;β-cat∆ex3 mice (P = 0.0073, significant interaction between treatment and genotype, two-way ANOVA, F(1,11) = 10.75; *P = 0.0117; **P = 0.0080; n.s., P > 0.9999; Bonferroni's test post hoc, n = 3 mice control saline, n = 3 mice control cocaine; n = 5 DAT-Cre;β-cat∆ex3 mice saline, 4 DAT-Cre;β-cat∆ex3 mice cocaine). Data shown as mean ± s.e.m. with data for individual mice (circles) overlaid.
a r t I C l e S observed in DAT-Cre;β-cat∆ex3 mice. We also verified that, following β-catenin stabilization in DAT-Cre;β-cat∆ex3 mice, no subsequent changes in Wnt pathway targets were observed in dopaminergic neurons in the VTA, indicating that the observed effects on CPP were not due to alterations in Wnt signaling (Supplementary Fig. 10 ).
Cadherin stabilization at VTA synapses blocks synaptic plasticity To determine why there was a marked attenuation of cocaine CPP in DAT-Cre;β-cat∆ex3 mice, we used immunogold EM to examine the distribution of cadherin, GluA1 and GluA2 at excitatory synapses onto VTA dopaminergic neurons after CPP. We found that the proportion of cadherin localized to the synaptic membrane was significantly increased in DAT-Cre;β-cat∆ex3 mice under basal conditions (~77% increase) (Fig. 4a,b) . However, unlike control mice, DAT-Cre;β-cat∆ex3 mice did not recruit more cadherin to the synaptic membrane during cocaine-mediated CPP. Additionally, both the removal of GluA2-containing AMPARs and the insertion of GluA1-containing AMPARs driven by cocaine CPP were blocked in DAT-Cre; β-cat∆ex3 mice (Fig. 4c-f ). There was also no change in total levels of cadherin (P = 0.3567), GluA1 (P = 0.8557) or GluA2 (P = 0.5683) in DAT-Cre;β-cat∆ex3 mice (Supplementary Fig. 10c-e) .
In addition to interacting with GluA1 (ref. 11), cadherins can also interact directly and indirectly with the GluA2 subunit of AMPARs 12, 13 . Consequently, these data indicate that aberrantly increasing cadherin localization to the synaptic membrane before CPP stabilizes GluA1/2 heteromers present at VTA synapses under basal conditions, which blocks cocaine-induced insertion of GluA1 homomers and results in reduced cocaine CPP.
To functionally verify these changes in AMPAR trafficking, we also examined STD LTP at synapses in the VTA. We found that this form of LTP was abolished in DAT-Cre;β-cat∆ex3 mice (Fig. 5a) . Additionally, treatment with NASPM (1-naphthyl acetyl spermine a r t I C l e S trihydrochloride), a selective antagonist of GluA2-lacking AMPARs, reduced excitatory postsynaptic potential (EPSP) amplitude back to basal levels in control mice, indicating that the enhanced EPSP amplitude observed following LTP induction was the result of the insertion of GluA2-lacking AMPARs. In contrast, NASPM treatment had no effect on EPSP amplitude in DAT-Cre;β-cat∆ex3 mice, demonstrating that GluA2-lacking AMPARs were not recruited to these synapses following the STD LTP protocol (Fig. 5a) . These data confirmed that increasing cadherin at the synaptic membrane in DAT-Cre;β-cat∆ex3 mice results in the retention of GluA2-containing AMPARs at the membrane and prevents the insertion of GluA2-lacking AMPARs, which are crucial for the strengthening of these synapses. We then examined changes in AMPAR:NMDAR ratio and inward rectification of AMPA EPSCs 24 h after cocaine administration in control and DAT-Cre;β-cat∆ex3 mice. In control mice we found, consistent with previous studies, that cocaine administration caused a significant increase in AMPAR:NMDAR ratio (Fig. 5b) and inward rectification of AMPA EPSCs (Fig. 5c) indicating increased insertion of GluA2-lacking AMPARs at synapses onto VTA DA neurons 30 . However, these increases were completely absent in DAT-Cre;β-cat∆ex3 mice (Fig. 5b,c) , consistent with our immuno-EM data showing that GluA1 at the synaptic membrane is increased in control mice but not DAT-Cre;β-cat∆ex3 mice following cocaine CPP. To confirm that these changes were not due to earlier, developmental disruptions, we also examined the morphology, density and function and VTA synapses in DAT-Cre;β-cat∆ex3 mice. EM analysis demonstrated that the size and density of excitatory and inhibitory synapses in the VTA was unchanged in DAT-Cre;β-cat∆ex3 mice compared to controls (Supplementary Fig. 11 ). We also found no differences in the frequency or amplitude of miniature excitatory postsynaptic currents or miniature inhibitory postsynaptic currents onto VTA dopaminergic neurons in DAT-Cre;β-cat∆ex3 mice compared to those in control mice (Fig. 5d,e) . Together, these data demonstrate that increasing cadherin at the synaptic membrane before behavioral training results in a reduction in cocaine CPP through the aberrant retention of GluA1/2 heteromers and the prevention of GluA1 homomer membrane insertion to VTA synapses (Fig. 6) .
DISCUSSION
Here we demonstrate that cadherin plays a critical role in synaptic plasticity in the VTA and behavioral conditioning driven by cocaine. Cadherins regulate the dynamic localization of AMPARs through direct and indirect interactions with GluA1 and GluA2 (refs. 11-13,45) . (b) During cocaine-mediated CPP, activity is enhanced at excitatory inputs to dopaminergic neurons, driving the removal of GluA1/2 heteromers and the insertion of Ca 2+ -permeable GluA1 homomers into AMPA receptor 'slots' in the PSD 32, 46 . Enhanced synaptic activity also leads to increased levels of cadherin at the synaptic membrane. Cadherins are then situated to associate with and stabilize GluA1 homomers at the synaptic membrane, contributing to the potentiation of these synapses underlying behavioral changes in CPP. (c,d) DAT-Cre;β-cat∆ex3 mice. (c) Under basal conditions, elevated levels of β-catenin promote the stability of cadherin, resulting in an increase in cadherin localized to the synaptic membrane. Cadherins associate with GluA1/2 heteromers 11-13 , enhancing their stability at the synaptic membrane. (d) During cocaine-mediated CPP, the removal of GluA1/2 heteromers is prevented owing to their stabilization by increased synaptic cadherin in DAT-Cre;β-cat∆ex3 mice. GluA1/2 heteromers are retained in available AMPAR slots, preventing the insertion of GluA1-containing AMPARs and the potentiation of these synapses. Thus, stabilizing synaptic cadherin in DAT-Cre;β-cat∆ex3 mice disrupts the cocaine-induced switch in AMPAR composition and reduces CPP.
a r t I C l e S
We show that cadherins are widely expressed in the VTA and are essential for the potentiation of excitatory synapses onto dopaminergic neurons. Using immunogold EM, we observed a strong correlation between cocaine-induced CPP in wild-type mice and the insertion of cadherin and GluA1-containing AMPARs into the synaptic membrane of these synapses. These changes in cadherin and AMPAR localization were specific to cocaine-induced CPP, and were not observed when mice were given the same schedule of cocaine and saline administration in their home cage, nor following CPP induced by palatable food rewards. In DAT-Cre;β-cat∆ex3 mice, we found that stabilization of cadherin at VTA synapses was sufficient to reduce the magnitude of cocaine-induced CPP. This behavioral effect was associated with disruptions in the plasticity of excitatory synapses formed onto dopaminergic neurons; stabilization of cadherin led to the abolishment of LTP induced by both cocaine administration and STD stimulation in these mice. Indeed, our immunogold EM data demonstrated that cocaine-induced internalization of GluA2-containing AMPARs and the subsequent insertion of GluA2-lacking AMPARs into the membrane was blocked in DAT-Cre;β-cat∆ex3 mice.
Our findings suggest that, in wild-type mice, increased cadherin at the synaptic membrane acts to stabilize newly inserted GluA1 homomers during cocaine CPP. This is supported by evidence that cadherin interacts with the GluA1 subunit and stabilizes GluA1-containing AMPARs 11 , as well as by our data showing that intact cadherin adhesion is required for STD LTP at VTA synapses, which is also mediated by insertion of GluA1-homomers, as in potentiation of these synapses by cocaine. Cadherin-mediated stabilization of GluA1 homomers may therefore contribute to increased strength of excitatory synapses onto dopaminergic neurons, as well as prolonged postsynaptic Ca 2+ influx through these AMPARs. Potentiation of these synapses is also likely to enhance the activity of dopaminergic neurons and increase dopamine release onto target structures of the mesocorticolimbic system, leading to further downstream changes in synaptic plasticity and circuit activity that contribute to addiction.
Excitatory synapses onto dopaminergic neurons have previously been implicated in contextual conditioning and reward learning 7, 8 , and our data demonstrate a strong relationship between increased cadherin at these synapses and drug-induced behavioral changes in wild-type mice. Increased cadherin at the synaptic membrane was correlated with the magnitude of CPP in individual mice, which suggests that increased cadherin adhesion may be a mechanism that contributes to drug-induced increases in the stability and potentiation of VTA synapses, promoting the 'hard-wiring' of synaptic traces of drug-associated memories and behaviors. We speculate that increased strength and stability of VTA synapses mediated by cadherin adhesion may also contribute to sensitization to drug-associated cues, which can trigger relapse both in humans and animal models of addiction even after extended periods of abstinence from drug-taking 31 .
In DAT-Cre;β-cat∆ex3 mice, stabilization of cadherin at VTA synapses before cocaine administration prevented the removal of GluA2-containing AMPARs and blocked the insertion of GluA1-containing AMPARs. This disruption of cocaine-induced changes in AMPAR localization was associated with attenuated CPP and the abolishment of STD LTP. These impairments contrast with observations in the hippocampus, where stabilization of cadherin leads to impairments in LTD and behavioral flexibility but has no effect on LTP or acquisition of spatial memory 20 . The key difference in plasticity between these regions appears to be the requirement for removal of GluA2-containing AMPARs for LTP at VTA synapses. It has been proposed that the number of AMPARs at synapses onto dopaminergic neurons is limited by the number of 'slots' where receptors can associate with scaffold proteins in the PSD 32, 33 . Indeed, inhibiting the internalization of GluA2-containing AMPARs by disrupting GluA2-PICK1 (protein interacting with C kinase-1) interactions abolishes cocaine-induced increases in AMPAR:NMDAR ratio that are typically mediated by the insertion of GluA2-lacking AMPARs 32 . Since cadherin can stabilize AMPARs at synapses through interaction with both the GluA1 and GluA2 subunits [11] [12] [13] , this suggests that in DAT-Cre;β-cat∆ex3 mice increased cadherin at the synaptic membrane stabilized GluA2-containing AMPARs that occupied available slots in the PSD and prevented the insertion of GluA1 homomers. Our electrophysiological data confirmed the functional identity of AMPARs at VTA synapses in DAT-Cre; β-cat∆ex3 mice, demonstrating that GluA2-containing AMPARs were indeed retained at these synapses and insertion of GluA2-lacking AMPARs was blocked, leading to abolishment of LTP.
Our findings also show that the timing of cadherin stabilization at the synaptic membrane had a critical effect on AMPAR trafficking and plasticity at VTA synapses. In wild-type mice, increased cadherin localization to the synaptic membrane during CPP resulted in the stabilization of GluA1 homomers that were also inserted during CPP. However, in DAT-Cre;β-cat∆ex3 mice, increased cadherin localization to the synaptic membrane occurred before CPP, which resulted in the stabilization of GluA1/2 heteromers present under basal conditions. In both cases, the effect of cadherin was consistent: increased cadherin at the synaptic membrane was found to stabilize the AMPARs that were present at that time. However, the differences in timing of when cadherin was stabilized and the type of AMPAR subunits present at each time led to different effects in LTP and CPP observed between DAT-Cre;β-cat∆ex3 mice and controls.
Notably, while CPP was reduced in DAT-Cre;β-cat∆ex3 mice, we observed no changes in cocaine-induced locomotor sensitization in these mice compared with controls. This finding is consistent with studies showing that CPP and sensitization are not necessarily directly correlated and may be mediated by distinct circuits and neural adaptations in the brain driven by cocaine. Disruption of the dopaminergic projections from the substantia nigra, but not VTA, has been shown to abolish locomotor sensitization to cocaine while leaving CPP intact 34 . Additionally, an analysis of CPP and locomotor sensitization in different inbred mouse lines found no correlation between the two behaviors, with some strains exhibiting robust CPP but no locomotor sensitization, or vice versa 35 . Finally, no correlation was found to exist between CPP and sensitization within individual mice in a behavioral task designed to test both parameters simultaneously 36 .
Our findings also demonstrate interesting differences in CPP driven by cocaine and food rewards. Cocaine CPP, but not food CPP, increased both cadherin and GluA1 localization to the synaptic membrane at excitatory synapses onto dopaminergic neurons in the VTA. Consistent with this, stabilization of cadherin (and GluA1/2 heteromers) at the synaptic membrane of these synapses in DAT-Cre;β-cat∆ex3 mice markedly decreased the magnitude of cocaine CPP, but had no effect on food CPP. These findings are consistent with a number of studies indicating that changes in dopaminergic neuron activity and behavior driven by food rewards may be mediated by mechanisms other than increased LTP at VTA synapses. Food-related peptide hormones have been shown to play a major role in mediating behavioral changes driven by food 37 , in some cases by acting directly on VTA dopamine neurons to regulate their activity 38 . Additionally, pharmacological disruption of NMDARs and metabotropic glutamate receptors have both been shown to have opposite effects on CPP driven by food rewards and CPP driven by drugs of abuse 39, 40 , which further suggests that major differences exist in the mechanisms underlying these different forms of CPP.a r t I C l e S What are the molecular mechanisms responsible for the changes in cadherin localization observed following CPP? In hippocampal neurons, cadherins have been shown to undergo constitutive turnover at the synaptic membrane under basal conditions 18 . We have previously shown that synaptic activity leads to post-translational changes in the cadherin-binding protein δ-catenin, increasing its association with cadherin and augmenting cadherin's retention at the synaptic membrane 17 . This results in increased trans-synaptic adhesion and the stabilization of postsynaptic AMPARs by cadherin, causing longlasting increases in synapse strength, size and stability over time. An important direction for future research will be to determine whether these same mechanisms drive changes in cadherin localization during activity-and drug-induced plasticity at synapses in the VTA.
The finding that cadherins regulate AMPAR trafficking at synapses in the VTA supports an emerging view that structural and scaffolding proteins may be of central importance in synaptic plasticity due to their role in mediating the recruitment and removal of postsynaptic receptors 41, 42 . Since the finding that LTP can be induced at synapses as long as extrasynaptic glutamate receptors are present 41 , there has been a shift of focus to identify the proteins that control the insertion, removal and stabilization of AMPARs during different forms of synaptic plasticity. The present study provides further evidence that cadherins are key molecules that control AMPAR trafficking during plasticity underlying different forms of learning and memory. Additionally, our findings demonstrate that cadherins play a critical role in synaptic plasticity outside of the hippocampus, where they have typically been studied, and likely have specialized functions in mediating different forms of synaptic plasticity throughout the CNS. Another important goal for future studies will be determining the specific cadherin subtypes responsible for mediating different forms of synaptic plasticity throughout the brain. In the VTA, N-cadherin likely plays a major role in activity and cocaine-induced plasticity examined in the present study, as the HAV peptide used to block STD LTP at VTA synapses has been shown to specifically disrupt N-cadherin trans interactions 43 , and as N-cadherin is critical for plasticity at excitatory synapses in other brain regions such as the hippocampus 15, 16, 43, 44 . However, cadherins have highly similar structure and functional redundancy, and other cadherin subtypes expressed in dopaminergic neurons may therefore contribute as well.
Finally, our study provides mechanistic insight into how mutations in cadherin adhesion complex proteins could contribute to susceptibility or resilience to addiction. Genome-wide association studies in substance abusers have identified increased prevalence of clustered single nucleotide polymorphisms in δ-catenin, which stabilizes cadherin at synapses, and α-catenin, which tethers the cadherin adhesion complex to the actin cytoskeleton 21 . While the functional consequences of these polymorphisms are unknown, we speculate that changes in the function or expression levels of δ-catenin or α-catenin could affect the stabilization of cadherin and AMPARs at the synaptic membrane of VTA synapses, which our findings show is sufficient to alter drug-induced synaptic plasticity and behavior. Cadherin adhesion-complex proteins may therefore be targets of interest for future studies investigating genetic risk factors for addiction.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. using linear regression. Data from STDP LTP electrophysiology experiments was analyzed by two-way repeated-measures ANOVA, and post hoc analysis was done using Bonferroni's test. Data from CPP experiments was also analyzed by two-way repeated-measures ANOVA with genotype as the between-subjects factor and time as the within-subject factor. For comparisons between genotypes and within days, Bonferroni's test was used. For comparisons to baseline within genotypes, Dunnett's test was used. Correlative data examining the relationship between pre-and postsynaptic cadherin localization and CPP was analyzed using linear regression. No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to those reported in previous publications 20, 26, 50, 53 . Results were considered significant when P < 0.05. Analysis was performed using GraphPad Prism (GraphPad Software, San Diego, CA). A Supplementary methods checklist is available. data availability. The data that support the findings of this study are available from the corresponding author upon reasonable request.
